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The present paper reports the synthesis and characterization, photoluminescence ther-
moluminescence and mechanoluminescence studies of Ce3þ doped SrZrO3 phosphors. The
effects of variable concentration of Cerium on meachanoluminescence (ML) and photo-
luminescence behavior were studied. The samples were prepared by combustion a syn-
thesis technique which is suitable for less time taking techniques also for large scale
production for phosphors. The starting material used for sample preparation are Sr(NO3)3,
Zr(NO3)3 XH2O and Ce(NO3)3 6H2O and urea used as a fuel. The prepared sample was
characterized by X-ray diffraction technique (XRD) with variable concentration of Ce (0.05
e0.5 mol%). There is no any phase change found with increase the concentration of Ce.
Sample shows orthorhombic structure and the particle size calculated by Scherer's for-
mula. The surfacemorphology of prepared phosphor was determined by field emission gun
scanning electron microscopy (FEGSEM) technique. Mechanoluminescence studies on
SrZrO3phosphors doped with Ce and underwent an impulsive deformation with an impact
of a piston for Mechanoluminescence (ML) investigations. Temporal characteristics in
order to investigate about the luminescence centre responsible for ML peak, increasing
impact velocity causes more number of electrons will be ionized to reach to the conduction
band so there will be more number of electrons available to be recombined at recombi-
nation or luminescence centre. In photoluminescence study PL emission spectra show the
isolated peak position observed at 388 nm near UV region of spectrum due to 5de4f
transition of Ce3þion.Thermoluminescence study shows doping of Ce3þ ions reduced the
TL intensity TL glow curve shows the high fading and less stability when it doped with
cerium. The activation energy high for the doped SrZrO3 phosphor means that the trapped
electron is highly trapped in trap level. The present study gives the advance application for
fracture sensor, damage sensor including the biological sensor and development of solid
state lighting.
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and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1 e XRD pattern of SrZrO3:Ce
3þ (0.05e0.5 mol%).
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In recent, the rare earth doped SrZrO3 materials have been
widely investigated due to their significance to fundamental
research and their high potential for application in optical
materials (Kang et al., 2012). According to Longo et al., the
displacement of Zr or Sr atoms in disordered orthorhombic
SrZrO3 may induce some vacancies defects at the axial and
planar oxygen sites of the [ZrO6] octahedral (Zhang, Qin, Yu,
Zhou, & Wang, 2012). It is well known that the vacancies de-
fects may play important roles as not only carriers (electro-
nseholes) traps but also luminescence centers and thus it is
expected that the orthorhombic SrZrO3 (Lu, Liu, Gu, & Pan,
2011; Lv et al., 2010; Yadav, Joshi, & Moharil, 2012).
Compounds with orthorhombic structure have been the
subjects of many researches for their important physical
characteristics, chemical stability, and nicer mechanical
properties. The alkaline earth zirconate SrZrO3, as one of the
orthorhombic type compounds with a high melting point
(over 2600 C), can be used as high-temperature materials
(Slonimskaya & Belyakov, 2001). Its proton conductivity at
elevated temperatures makes it a candidate material for
electrochemical devices (Davies, Islam, & Gale, 1999). To the
best of our knowledge, however, few researches have been
done concerning the photoluminescence of SrZrO3. The
number of luminescent zirconates is small, especially of those
with visible emission. Blasse, Bernardi, IJdo, & Plaisier (1995)
have reported the uncommon yellow emission at 540 nm for
Ca3ZrSi2O9. The bulk material properties and structures of
SrZrO3 are well known (Blasse et al., 1995; Davies et al., 1999;
Huntelaar et al., 1996, Matsuda, Yamanaka, Kurosaki, &
Kobayashi, 2003). However, it is now widely accepted that
materials exhibit novel properties when their sizes decreased
to nanometer scales, and the performance of materials de-
pends largely on the synthesis procedure. Here, we aim to
prepare nano-scaled SrZrO3 crystallites using a simple and
mild chemical method and to reveal its luminescence prop-
erty at room temperature.
Several methods have been reported to prepare SrZrO3
powders: conventional solid state reaction of SrCO3 and ZrO2,
co precipitation, hydrothermal (Zheng, Pang, & Meng, 1998),
solegel (Pullar, Taylor, & Bhattacharya, 1998), and a method
using singlemolecular (strontiumzirconyl oxalate) precipitate
as precursor (Cheol et al., 2014; Potdar et al., 2000).
In the present paper we report the structural character-
ization and optical properties of combustion synthesized Ce3þ
doped SrZrO3 phosphor. The structural characterization were
done by the XRD analysis and Morphological studies were
done by using Scanning electron microscope. In optical
properties; the ML, PL and TL studies were investigated in
detail.2. Experimental
The pure Zr(NO3)3 XH2O, Sr(NO3)3 and Ce(NO3)3 chemical
purchased from sigma Aldrich used as a raw material. The
1 gm/ml aqueous solution mixed with urea (3 gm/ml) was the
precursor solution. The mixture was stirred for 1 h as a resultsolution converted into transparent gel form. The above semi
solid sample was heated at 600 ± 10 C temperature in muffle
furnace, after few minutes a spontaneous ignition occurred.
The sample change in to anhydrous form followed by a
vigorous redox reaction to form SrZrO3 phosphor with liber-
ation of gaseous by products such as oxide of carbons and
nitrogen's. Similarly for doping concentration of Ce3þ added
and the variation was observed in its characteristic
(Tamrakar, Bisen, Bramhe, 2014a).3. Instrument details
The sample was characterized using mechanoluminescence
(ML), photoluminescence (PL), thermoluminescence (TL), XRD
and SEM. The XRD measurements were carried out using
Bruker D8 Advance X-ray diffractometer. The X-rays were
produced using a sealed tube and thewavelength of X-raywas
0.154 nm (Cu Ka). The X-rays were detected using a fast
counting detector based on Silicon strip technology (Bruker
LynxEye detector). Observation of particle morphology was
investigated by FEGSEM (field emission gun scanning electron
microscope) (JEOL JSM-6360) (Dubey, Tiwari, Pradhan,
Rathore, Sharma, and Tamrakar, 2014; Dubey, Tiwari,
Tamrakar, Rathore, and Chitrakat, 2014; Tiwari, Kuraria, &
Tamrakar, 2014; Tamrakar, Bisen, & Brahme, 2014a;
Tamrakar, Bisen, & Brahme, 2014b; Tamrakar, Bisen, & Sahu,
2014; Tamrakar, Bisen, Sahu and Bramhe, 2014f, 2014g). The
photoluminescence (PL) emission and excitation spectra were
recorded at room temperature by use of a Shimadzu RF-
5301 PC spectrofluorophotometer. The excitation sourcewas a
xenon lamp. Thermally stimulated luminescence glow curves
were recorded at room temperature by using TLD reader I1009
supplied by Nucleonix Sys.Pvt. Ltd. Hyderabad. The obtained
phosphor under the TL examination is given UV radiation
using 254 nm UV source (Bisen, Sahu and Bramhe, 2014a;
Dubey, Kaur, & Agrawal, 2013; Dubey, Kaur, Agrawal,
Suryanarayana, & Murthy, 2013; Dubey, Kaur,
Suryanarayana, & Murthy, 2013; Dubey, Suryanarayana, &
Fig. 3 e Bar diagram for particle distribution determined by
SEM image.
Table 1 e Structural parameters of prepared phosphor
SrZrO3:Ce
3þ.
S.no. 2q FWHM h k l Particle size (nm)
1. 19.79 0.2 101 39.88
2. 25.62 0.22 110 36.62
3. 30.21 0.18 112 45.21
4. 32.56 0.21 021 38.98
5. 38.40 0.19 022 43.79
6. 40.17 0.19 212 44.03
7. 46.71 0.18 301 47.54
8. 47.84 0.19 213 45.23
9. 51.18 0.24 131 36.29
10. 61.96 0.22 232 41.65
11. 68.15 0.19 006 49.91
12. 71.75 0.25 332 38.78
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Tamrakar, Upadhyay, Bisen, 2014). The ML pattern recorded
from homemade ML setup (Kaur, Suryanarayana, & Dubey,
2010a, 2010b; Tamrakar, Bisen & Bramhe, 2014c; Tamrakar,
Bisen, Upadhyay, 2015; Tamrakar, Kowar, Uplop, and
Robinson, 2014; Tamrakar, Tiwari, Kuraria, Dubey &
Upadhyay, 2015). All measurements were carried out at a
room temperature.4. Results and discussion
4.1. X-ray powder diffraction (XRD) results
Fig. 1 shows the X-ray powder diffraction (XRD) pattern of
SrZrO3:Ce
3þ (0.05e0.5 mol% of Ce3þ) phosphor. From the XRD
patterns, the peak indexed revealed the pure orthorhombic
phase of SrZrO3. The XRD pattern of SrZrO3:Ce
3þcrystals in-
dicates 12 diffraction intense peaks at 2q ¼ 19.79, 25.62, 30.21,
32.56, 38.40, 40.17, 46.71, 47.84, 51.18, 61.96, 68.15 and 71.15
corresponding to (101), (110), (112), (021), (212), (301), (131),
(232), (006) and (332) (Fig. 1). They are in good accordance with
JCPDS card no. 89-8994. It is indicated that there is no impurity
phase among all the phosphor samples. From these experi-
mental results we can conclude that Ce3þ ions have beenFig. 2 e SEM image of SrZrO2:Ce
3þ (0.5 mol%).introduced in to the SrZrO3 lattice, and do not cause any
change in the orthorhombic structure. It was revealed that the
introduction of Ce3þ ions did not influence the crystal struc-
ture of the phosphormatrix. No phase changes were observed
when we add different concentration of Ce3þ (0.05e0.5 mol%
of Ce3þ). No any effect of fuel (urea) was found in XRD pat-
tern(see Table 1). (Bisen, Robinson, Sahu, & Brahme, 2014;
Tamrakar, Bisen, Upadhyay, & Tiwari, 2014; Tamrakar et al.,
2013, Tamrakar, 2012; Tamrakar, 2013; Tamrakar & Bisen,
2013).
4.2. Scanning electron microscope (SEM) results
The SEM image (Fig. 2) of prepared phosphor for optimized
concentration of Ce3þ show good surface morphology and
connectivity with grains as the prepared phosphor by solution
combustion synthesis method. From the SEM image the par-
ticle distribution of prepared sample were found 55 nm to few
micron size the particle distribution shows in bar diagram
(Fig. 3) maximum particles are in 43 nm range. The XRD andFig. 4 e Photoluminescence (PL) excitation spectra with
lexc. ¼ 390 nm.
Fig. 5 e Photoluminescence (PL) emission spectra for
SrZrO3:Ce
3þwith lexc. ¼ 233 nm.
Fig. 6 e CIE 1931 coordinate for Ce3þ doped SrZrO3
phosphor.
Fig. 7 e TL glow curve of SrZrO3 pure and Ce
3þ (0.05 mol%)
dopant.
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size in the range of 43 nm. The XRD support the SEM study for
the particle distribution.
4.3. Photoluminescence (PL) study
Fig. 4 shows the excitation spectra of the as synthesized
SrZrO3 phosphor doped with 0.5 mol% of Ce
3þ at room tem-
perature. Good excitation peaks located at 233 nm was found.
The peaks attributed to Ce3þ 4fe5d transition with 5d level
split into two kinds at most five components by host crystal
field. Under excitation wavelength of 233 nm, the emission
spectrum of synthesized SrZrO3:Ce
3þ phosphor shows a broad
emission band extending from 388 to 400 nm (Fig. 5) with the
maximum intensity of 388 nm, which is attributed to the
electron transition from the 5d lowest energy level of Ce3þ to
the 2F5/2 to
2F7/2 manifolds split by spin-orbit coupling
(Cavalcante et al., 2007; Cheol et al., 2014; Cooke, Lee, Bennett,
Grovers, & Jacobsohn, 2006; Yan, Zhao, Hang, Zhang, & Xu,
2005).
The emission peak centered at ~388 nm (near UV-violet-
region) was attributed to radiative recombination of photo-
generated hole with an electron occupying surface defects
namely the oxygen vacancies, F-centres (oxygen ion vacancy
occupied by two electrons)/F-centres (oxygen ion vacancy
occupied by single electrons)/surface states. The energy levels
of these defect centres exist in the forbidden energy gap of
SrZrO3. The deep blue UV-band may attribute to recombina-
tion of a delocalized electron close to the conduction band
with a single charged state of surface oxygen vacancy, ac-
cording toWang's proposal (Hu et al., 2007). The emission peak
in the UV region was attributed to self-trapped exciton lumi-
nescence. The PL peaks in UV region indicates that SrZrO3
phosphors are highly promising materials for optical mate-
rials and UV light emitting diodes (UVLED).
Commission Internationale de I'Eclairage (CIE) chroma-
ticity coordinate for Ce3þ doped SrZrO3 phosphor were
calculated using the UV-blue LED with the excitation at233 nm as shown in Fig. 6. The results indicate that
SrZrO3:Ce
3þ (0.5%) phosphors can be selected as a potential
candidate for UVLED (Ultra violet Light Emitting Diode)
application as well as for FL (Fluorescent Lamp) and Compact
Fluorescent Lamp (CFL) (E  .233). However, the relative in-
tensity of the emission bandswhich provide the fundamental
colors balance for violet e blue -light emission was achieved
with the 0.5 mol% sample with the spectrum (Fig. 5) providing
the CIE 1931 chromaticity coordinates much closer to the
equal-energy white-light. If one increases the activator con-
centration even further, the emission intensity commences to
decrease owing to concentration quenching. This concentra-
tion quenching is due to the increase in the ioneion interac-
tion provoked by the shorter distance between interacting
activators as the concentration increases. The fluorescence
light spectral profile as a function of the activator
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the chromaticity coordinates of the overall emission light
changed resulting in different colors of the overall emission
light, for different concentrations as can be observed. The
emission band shows intense violet-blue emission of pre-
pared phosphor.
From PL emission spectra it is concluded that the PL in-
tensity increases with increasing the concentration of dopant
up to 0.5 mol% than after the intensity decreases due to con-
centration quenching occurs. So the optimized concentration
for PL is 0.5 mol% of Ce3þ.
4.4. Thermoluminescence study
Thermoluminesence is the phenomenon of re-emission of
pre-absorbed radiation. The prepared phosphor with variable
concentration shows the TL glow curve at 143 C for pure
SrZrO3 and for Ce
3þ dopant with 0.05 mol% shows well
resolved peak at 120 C (Fig. 7). Higher concentration of dopant
(Ce3þ) the TL intensity became decreases or no TL was found.
So the lower temperature peaks on TL glow curve shows the
high fading and less stability in prepared phosphors. So the
phosphor doped with Ce3þ is not TLD material. The corre-
sponding kinetic parameters for recorded TL glow curve show
second order of kinetic glow curve. The activation energy (i.e.
required energy for escaping electron from trap level) and
frequency factor (i.e. rate of escaped electron per second from
trap level) was calculated by peak shape method. The infor-
mation about trap centres was easily determined by TL glow
curve study. Table 2 shows the calculation of kinetic param-
eter for TL glow curve of Ce3þ doped and pure SrZrO3 phos-
phor. The activation energy high for the doped SrZrO3
phosphormeans that the trapped electron is highly trapped in
trap level (Bisen, Sahu, & Bramhe, 2014a; Tamrakar, 2012;
Tamrakar, 2013; Tamrakar & Bisen, 2013).
4.5. Mechanoluminescence study
The characteristics of ML of SrZrO3:Ce
3þ phosphor induced
by the impact of a moving piston of weight 500 g onto the
phosphors were measured (Fig. 8). Single peak is observed in
ML intensity versus time curve. The presence of a single
peak indicates some charge transfer process involved in ML
emission. The luminescence intensity depends upon impact
velocity. The experiment was carried out for different
impact velocities i.e. same weight dropped with different
heights.
In present study ML is excited impulsively, and ML emis-
sion is mostly due to deformation of the powder samples. In
such cases only one peak is observed in the transient ML in-
tensity curve. However in certain cases like colored alkali
halides and in some phosphors of II-VI category, two peaks are
observed in the transient ML intensity versus time curve ofTable 2 e Calculation of kinetic parameters for SrZrO3 pure an
Ce3þ con. In mol% T1 Tm T2 t d u m
0% 86 143 206 57 63 120
0.05% 74 120 170 46 50 96materials. The existence of second peak which is always less
intense as compared to the first peak may be understood in
the following manner. When suchmaterials are mechanically
deformed, the electric field introduced during the deformation
either ionizes the electrons from the defect centre or from the
valence band. Electron thus obtained in conduction bandmay
either recombine directly with the holes present in the lumi-
nescence centre or recombination centre, or they may be
trapped for some time in the trapping levels present near the
conduction band.
First peak in the transient ML intensity versus time curve is
due to the recombination of electrons in the conduction band
with the holes at the luminescence centre. However the
delayed peak i.e. the second peak is due to the delayed de-
trapping of the electrons and their subsequent recombina-
tion with the holes. Thus second peak in the ML intensity
versus time will be observed only in those crystals or phos-
phors where there will be traps capable of trapping the elec-
trons for considerable time (Kaur et al., 2010a, 2010b). It has
been found that when the deformation rate decreased (impact
velocity decreased) then only one i.e. first peak is observed. In
this case the time related to the first peak becomes compa-
rable with the time needed for the de-trapping of the electrons
from the traps (Chandra, 2011; Koto et al., 2002; Park & Seo,
2014).
In order to investigate the luminescence centres respon-
sible forML emission,Mechanoluminescence spectrum is also
recorded. The ML spectra is as similar to the PL spectra the
peak is 390 nm (Fig. 9) for ML spectra and 388 for PL spectra
(Fig. 5).
In Mechanoluminescence spectra (Fig. 9) a broaden single
peak is found at about 390 nm which was compared with the
Photoluminescence spectra (Fig. 5) of the same sample and
both the spectra found to be very similar in peak intensity as
well as shape. This helped us in making estimation that there
is an existence of a single emission centre which is because of
the transition of Ce3þ ions due to transitions from any of the
sublevels of configuration to 2F5/2 to
2F7/2configuration (Cheol
et al 2014; Cooke et al., 2006; Yan et al., 2005).
Fig. 10 shows the dependency of ML intensity with
increasing impact velocity and the graph implies that the
relationship between Impact velocity andML peak is linear i.e.
ML peak increases with increasing impact velocity.
It is predicted that increase in impact velocity, increases
the piezoelectricity in the crystal which causes more number
of electrons to get ionized and reach to the conduction band,
so luminescence centres or recombination centre will get
greater number of electrons to be recombined with the holes
present in the centre. This may be one of the possible reasons
for increase in peak ML intensity with impact (Cavalcante
et al., 2007; Chandra and Chandra, 2011; Kaur et al., 2010a,
2010b; Shrivastava, Kaur, Dubey, & Jaykumar, 2013;
Shrivastava, Kaur, Dubey, Jaykumar, & Loreti, 2014).d doped with Ce3þ concentration 0.05 mol%.
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Fig. 8 e Mechanoluminescence signal intensity with time
of SrZrO3:Ce
3þ (0.5%).
Fig. 10 e Mechanoluminescence signal peak with impact
velocity of SrZrO3:Ce
3þ (0.05, 0.1, 0.2, 0.5 and 1 mol%).
J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 6 8e7 6 73The characteristics of ML of SrZrO3:Ce
3þ (0.05e0.5 mol%)
phosphor induced by the impact of a moving piston of weight
500 g onto the phosphors were measured (Fig. 11). For the
variable concentration of dopant the ML pattern intensity in-
creases with Ce3þ concentration and shows linear response
with dopant ions. The intensity is highest for 0.5 mol% of
dopant after that the relative intensity decreases due to con-
centration quenching occurs. The linear response with the
doping concentration of Ce3þ in SrZrO3 host lattice shown in
Fig. 12.
It can easily be observed (Fig. 13) that time for peak ML
intensity doesn't change significantly with increasing impact
velocity.
When the load or piston makes an impact on the crystal
with an initial velocity v0, the former decelerates and after a
particular time its velocity becomes zero. The time depen-
dence of the velocity of the piston may be written as (Brahme,
Shukla, & Bisen, 2011; Chandra et al., 2012; Jha & Chandra,
2013).Fig. 9 e Mechanoluminescence spectrum SrZrO3:Ce
3þ
(0.5 mol%).v ¼ v0 expð  bv0tÞ (1)
where b is a constant, Eq. (1) can be written as
dx
dt
¼ v0 exp

 bv0t

(2)
where dx is the compression of the crystal during the time
interval dt
Integrating above Eq. (2), we have
x ¼ 1
b
exp

 bv0t

þ C (3)
The value of x¼ 0 for t ¼ 0, therefore, Eq. (3) may be written
as
x ¼ 1
b
½1 expð  bv0tÞ (4)
Sample is in powder form which is hard enough that, evenFig. 11 e Mechanoluminescence signal intensity with time
of SrZrO3:Ce
3þ(0.05, 0.1, 0.2, 0.5 and 1 mol%).
Fig. 12 e Mechanoluminescence signal intensity
vsCe3þconcentration plot.
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Fig. 14 e Decay curve between t e tm and ML signals
SrZrO3:Ce
3þ (0.05, 0.5 mol%)).
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and doesn't change significantly with increasing impact ve-
locity. Eq. (4) expresses that, impact time remain mostly un-
changed with increasing impact velocity because there is not
significant change in compression. This may be one of the
possible reasons that the time corresponds to peak ML in-
tensity doesn't change significantly.
It is seen that the rising and decaying portions of the ML
intensity with time suggest the following relations:-
I ¼ I01 exp

t
l1

(5)
I ¼ I02 exp

 t
l2

(6)
where I01, I02 are coefficient constants, l1 is rising constant, l2 is
decaying constant for fast and small decay parts of the graphs
respectively.
After the impact of a load from a height onto the mecha-
noluminescent film, initially the elastico Mechanolumi-
nescence (EML) intensity increases with time, attains a peakFig. 13 e Mechanoluminescence signal peak with impact
velocity of SrZrO3:Ce
3þ (0.5 mol%).value and then it decreases with time exponentially. The
decay of the decrease in the EML intensity is related to the
time constant for rise of impact stress and the decay time of
decay in EML is equal to the lifetime of electrons in the shallow
traps lying in the normal piezoelectric region of the crystals,
which get filled during the de-trapping of thermally stable
traps at the time of the increase of pressure.
Fig. 14 shows the graph between Mechanoluminescence
signal intensity “I” versus (ttm) for SrZrO3:Ce3þphosphor. It
can be seen that the intensity decreases exponentially with
time. These exponential curves were fitted using following
equation with Origin 8.0.
I ¼ Io exp

t
t

þ C (7)
Yielding the value of decay constant t and Io is a constant.
Curve fitting results show that decay constant varies from
4.29 nano seconds (ns) to 5.14 ns (Table 3) which is fairly good
decay rate.5. Conclusion
It is concluded that the prepared phosphor shows good sur-
face morphology with some agglomerates due to combustion
synthesis take few second for sample preparation. The parti-
cle sizes are controlled and particle distribution range varies
from 40 nm to 100 nm with maximum particle distribution is
43 nm. The connectivity with grains and some semi-sphere
formation occurs which is responsible for good PL and ML
study and number of impurity ions in host lattice was form
more number of traps. From the ML spectra of prepared
phosphor shows the variation with impact velocity as well as
the concentration of Ce3þ ions in host matrix. The ML relative
intensity increases with increasing the impact velocity as well
as doping concentration. The PL excitation spectra shows
broad excitation centred at 233 nm due to charge transfer
band (CTB) from Zr4þ to Ce3þ. The corresponding emission
spectra recorded for the prepared phosphor with the variation
Table 3 e Calculation of ML decay constant.
Impact velocity 342 313 280 242 198 177
t decay constant (ns) 4.294 5.061 4.99 5.144 4.294 4.306
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spectra found at UV-blue emission peak centered at 388 nm.
The PL intensity increases with increasing the concentration
of Ce3þ (0.05e1 mol%) the concentration quenching occurs
after 0.5 mol% of dopant and relative PL intensity decreases.
Spectrophotometric determinations of peaks are evaluated by
Commission Internationale de I'Eclairage (CIE) technique. The
TL glow curve shows broad peak centred at 143 C and it
shows good TL peak for pure sample SrZrO3 and when in-
crease the concentration of Ce3þ relative TL intensity de-
creases so the SrZrO3 doped with Ce
3þ is not good TLD
material. The kinetic parameter of recorded TL glow curvewas
calculated by peak shapemethod. From the above observation
the prepared phosphor with variable concentration of Ce3þ
with PL emission spectra may be useful for UV-blue light
emitting diode (LED). The ML pattern with different impact
velocity shows the good ML spectra and the prepared phos-
phor may be useful for sensor application such as stress
sensor or damage sensor application. The kinetic parameters
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